The implementation of geospatial technologies and methods for improving health has become widespread in many nations, but India's adoption of these approaches has been fairly slow. With a large population, ongoing public health challenges, and a growing economy with an emphasis on innovative technologies, the adoption of spatial approaches to disease surveillance, spatial epidemiology, and implementation of health policies in India has great potential for both success and effi cacy. Through our evaluation of scientifi c papers selected through a structured key phrase review of the National Center for Biotechnology Information on the database PubMed, we found that current spatial approaches to health research in India are fairly descriptive in nature, but the use of more complex models and statistics is increasing. The institutional home of the authors is skewed regionally, with Delhi and South India more likely to show evidence of use. The need for scientists engaged in spatial health analysis to fi rst digitize basic data, such as maps of road networks, hydrological features, and land use, is a strong impediment to effi ciency, and their work would certainly advance more quickly without this requirement.
Introduction
Geographic Information Systems (GIS) and the accompanying methods and data have been adopted increasingly in diverse health-related domains and national settings with the goal of improved response to public health problems. Complexities in understanding public health issues require interdisciplinary efforts. The spatial perspective can be of particular importance because the spatial patterns of distribution of diseases, both infectious and noninfectious, help us understand the dynamics of transmission and spatial determinants of the diseases. The focus of this review is to examine how the uses of geographic methods to address public health issues in India have developed over time, to assess the current status of their use, and to evaluate the path forward.
About 17% of the world's people resided in India in 2012, and public health challenges are commensurate with its size. India bears the world's largest burden of dengue, 1 has a high potential for emerging zoonotic diseases, 2 and continues to face signifi cant mortality from pneumonia and diarrheal disease. 3 At the same Indian Journal of Public Health, Volume 60, Issue 1, January-March, 2016 time, chronic conditions such as cancer and diabetes increasingly affect people of all income levels. 4 Many of these conditions are closely related to environmental conditions and spatial parameters, so geographic methods including GIS can be central to work related to understanding the spatial and environmental determinants of diseases.
In the past, descriptive geographical epidemiology of diseases was restricted to describing their statewise or regional prevalence, and detailed analysis of epidemiological data at a local level was rarely carried out. For example, the distribution of kala-azar in Bihar 5 and that of lymphatic fi lariasis in coastal regions 6 indicate that spatial factors contribute to their transmission. Similarly, Kyasanur forest disease is found almost exclusively in South India. 7 Historically, these types of observations were satisfying achievements of medical geography and fi eld epidemiology, but with the increased availability of spatial data and technologies, it is possible to measure and assess scientifi cally the specifi c relationships between the environmental factors and health outcomes to better target interventions.
The use of geospatial technologies and spatiotemporal epidemiological tools is increasing around the world as a means to understand the dynamics of infectious disease transmission and noncommunicable disease distribution, but its usage in India is relatively restricted in spite of its demonstrated utility. Here, we review the published scientifi c literature to evaluate a cross section of examples of how geographic technologies and modern spatial statistical methods supported by digital data are being used to address public health concerns in India, to identify challenges faced in the application of GIS in India and to propose some possible solutions.
Materials and Methods
For the purpose of the current review, our objective was to focus on an assessment of how public health and epidemiological research in India have been approached from a geographic perspective and to consider the impediments to more complete use of these methods and approaches. As such, we considered peer-reviewed literature published between January 1980 and January 2003 that was indexed by the National Center for Biotechnology Information on PubMed. 8 By focusing on PubMed, we sought information sources where the primary focus of the analysis was on health rather than on the geographical methods that might be used. Through a systematic consideration of the health domain, the spatial techniques, and the institutional affi liations of the authors, we developed a synthesis of examples of and progress and obstacles to the use of geographical approaches to help improve public health conditions in India.
From our initial search of literature, we identifi ed 177 titles written in English for review based on systematic combinations of the terms "India," "Geographic Information System," "spatial epidemiology," "spatial" "geographic," "community health," and "public health." Of those, we eliminated 64 of the papers after review of the content of the titles and abstracts. The thirty-three papers that were eliminated lacked at least one of these attributes: Availability of the full text (7 titles); a clear focus on health (3 titles); the study area was not focused on India (6 titles); and the geographic technique deemed sufficiently central (17 titles). In the remaining 31 excluded articles, GIS or mapping were mentioned as a recommended technique but the paper did not include any detailed description. The 113 remaining titles were subjected to a full text review (see Appendix A for the list of these titles). While this number of titles is not large, our intention here was to review a representative, rather than an exhaustive, set of papers.
Results and Discussion
Upon evaluation of the general content of each paper, we determined that some papers were more empirically oriented, while others were focused on the benefi ts of adoption of GIS or issues related to implementation. The empirically oriented papers, in which a spatial technique was used to analyze data, were classifi ed further into two groups according to the complexity of the analysis and deemed either "descriptive" or "complex" [ Table 1 ]. Fifty-four of the 113 papers that had a clear original analysis component were deemed to be of lower complexity (descriptive) from a computational or empirical perspective, while 44 papers were more complex. The descriptive papers included examples of comparing place attributes, mapping a spatial distribution, simple interpolation to visualize data, and incorporating the concept of proximity. More complex papers used multiple data overlays and multivariate statistical analysis. When authors presented multiple analytical approaches, the most complex aspect guided placement in the specifi c category. The third group comprised 15 papers that included reviews of spatial technology or suggested examples of use in specifi c domain areas.
Temporally, 96 of the 113 papers reviewed (85%) were published between January 1980 and January 2003. The average number of publications per year increased from 2008 onward [ Figure 1 ]. Of the three groups, more descriptive papers dominated the earlier years, while more computationally complex analyses were seen from 2003 onward. Papers that focused on general principles related to adoption and implementation of digital spatial technologies were published only after 1998, but were less represented after 2012.
The papers were found to be focused on three primary types of public health domains. These included infectious diseases, noninfectious diseases, and other ancillary health topics. Papers on infectious disease comprised 64% of the total, while noninfectious disease made up 14%, and other health-related issues such as access to health facilities represented 22% of the papers [ Table 2 ]. While infectious disease studies were dominant overall, the study of noninfectious conditions has increased in recent years, and it is an area where continued growth is anticipated. Similarly, the health care facility access and health management domains were gradually added over the years.
Examples by type of geographical applications

Empirical papers of lower complexity
Among the descriptive papers, Kumar and Quinn's is a good example. 9 It focused on the importance of place variability for preparedness planning for a potential infl uenza pandemic. They argued that effective planning should be sensitive to the many different public health contexts and populations of different places. The authors did not include maps in their analysis, but they provided a well-conceived model of health inequalities and with the proper data, it could be operationalized in maps and extended to statistical analysis for planning and evaluation purposes. In other examples of more descriptive analyses, the use of a map to reveal the distribution of novel data or the colocation of two or more distributions represented the most frequent topic of all paper types, with 29 papers in this class. In Ujjain district in Madhya Pradesh, for example, Deshpande et al. demonstrated the benefi t of geocoding and mapping the locations of both public and private health care providers to assess regional access to health care. 10 While a database was available that identifi ed public providers, the location of private health care providers was only possible from an original survey of over 2000 private providers. If the providers from the public health system had been the only group considered, the ubiquity and availability of the private providers would have been overlooked. However, among private providers, there was considerable variation with respect to their qualifi cations, approach to treatment, and spatial distribution. For another example, Kauhl et al. used emergency call data of acute undifferentiated fever for syndromic surveillance to detect potential outbreaks in India. 11 In several of the analyses where mapping was a primary function, the authors used a more GIS-intensive but still relatively descriptive approach by interpolating values from points to better visualize the spatial distribution of some phenomenon. The paper by Rejith et al. illustrates this, with inverse distance-weighted interpolation applied to water quality values of pH, cadmium, and fecal coliform. 12 Though a GIS was used in this paper, the analysis method was considered more descriptive in our review because the outcome was a form of visualization rather than a more model-oriented approach.
A third group of descriptive papers was made up of the 11 papers related to proximity to or distance from some event, facility, or other item. A study published in 1983 by V. Kumaran was an example. 13 The analysis assessed location-based effi ciency of health facilities considering both travel time based on distance and optimizing the size of the population served. The analysis predated most use of geospatial digital techniques and would have benefi ted from having access to those. A more recent application of distance analysis can be found in a publication by Dwibedi et al. where the focus was on chikungunya, a mosquito-borne virus. 14 The written description of rapid diffusion of the virus emphasized geography and would have been more effective with a map of the region.
Empirical papers of higher complexity
Among the more computationally and analytically complex papers, 11 of them used weighted overlays to determine areas with the joint probability of having a characteristic. An early example published in 1999 by Srivastava et al. considered areas with a high annual parasite index that would indicate risk for malaria compared to a landscape-based overlay of water, soil, and elevation characteristics. 15 In a similar manner, Avtar et al. collected data on elevation, rainfall, soils, and vegetation to create areas of potential for insuffi cient water. 16 A number of these overlay studies used remotely sensed sources to create data. From the imagery, authors derived special features such as salt-affected soils 17 or dynamic and changing features such as fl oods and land cover. 18 Five of these papers used empirical spatial cluster analysis. All fi ve of these investigations of spatial or temporal disease clustering made use of the freely available SaTScan program 17 and four of the fi ve papers were led by authors at the Christian Medical College in Tamil Nadu, indicating both a narrow adoption of this approach and its potential usefulness when scientists have training in the technology.
A fi nal set of papers that relied on more complex spatial analysis were the 23 papers that used a multivariate statistical model, including generalized estimating equations, spatial regression, negative binomial regression, or other statistical approaches. Multilevel modeling was used by Ackerson et al. to examine the relationship between neighborhood characteristics and rates of overweight and underweight persons in India. 19 Higher-income neighborhoods were found to have both more overweight and fewer underweight individuals. This paper also demonstrated the usefulness of a multilevel approach, which has been promoted as appropriate for the geographical analysis of data at multiple spatial scales. 20 Sur et al. also addressed the analysis of individuals and their environment, but they developed two separate models, with generalized estimating equations serving to fi t both the individual data and neighborhood-level characteristics for the separate models of typhoid and paratyphoid fever at different scales in a Kolkata slum area. 21 In this same study, the authors described the extensive data collection required to determine detailed disease rates needed for the Kolkata analysis, revealing the level of effort needed to carry out infectious disease studies in the absence of surveillance records. Sabesan et al. used logistic regression analysis to identify the relationship between Standardized Filarial Transmission Risk Index (SFTRI) and the endemic status of an area. An empirical semivariogram of the residuals from the logistic regression model was used to examine whether there was any spatial correlation that could explain the remaining variation. However, they concluded that no spatial correlation existed and it was attributed to large distances between different locations in their study. 22 As a fi nal example, Ranga et al. measured spatial access to inpatient health care in northern rural India using a three-step fl oating catchment area (3SFCA) method, based on discrete distance decay. 23 
Papers focused on GIS adoption
Here we examined papers that stated the need for or demonstrated the utility of adopting GIS techniques in health-related research. Authors from particular domain areas have summarized the kinds of spatial data and technologies helpful to better understand disease transmission or prevention from the perspective of that domain. Malaria research, for example, may benefi t from maps of the many aspects of malaria epidemiology, including vector locations, case locations, control program outreach areas, or estimates of larval habitat. 24 Najafabadi and Pourhassan (2011) illustrated the use of visualization, data integration, spatial analysis, and spatial modeling for cancer research. 25 The value of integrating GIS with other information technology was also emphasized with examples from disaster response, 26 disease surveillance systems, 27 and medical records systems. 28 
Examples from the public health domain
In terms of the health domain tackled by the papers, the majority (63%) were focused on infectious disease and the largest group of these was papers about vector-borne diseases (VBD), including malaria, dengue, fi lariasis, and Japanese encephalitis [ Table 2 ]. Water-related papers were likewise well represented. Rejith et al., for example, developed a water quality index for a village in the state of Kerala after water samples indicated high levels of cadmium and fecal coliform, as well as pH levels outside the recommendations for drinking water. 12 The analysis of health care facilities showed the strongest emphasis among papers with a noninfectious disease focus, but they also tended to be more descriptive. Three of the 15 titles in this group of papers were classifi ed as being in the more complex analysis group. One of the papers used a location-allocation model to measure regional inequalities in health facility access. 29 Noncommunicable diseases and health issues such as maternal and child health were not well represented among the papers, with only 16 of 113 papers in this group. One example is Kumar et al., who used geospatial analysis on secondary data to identify factors responsible for district-level variations in the mortality of children under 5 years of age after controlling for biophysical and geographical variables. 30 One single paper on cancer was identifi ed, with an emphasis on how GIS could improve cancer research. 25 Similarly, one paper used geospatial analysis to identify the distribution of tobacco smoking and of alcohol consumption in India. 31 
Institutions and collaborations
Having determined the general content of the papers, we then considered the characteristics of the authors. In particular, we evaluated the geographical distribution of the institutional affi liations among the authors, with fi rst authors considered representative and coauthors considered in a secondary manner. The institutional home of about three-fourths (81 of 113) of the papers' fi rst authors was located within India. Of the 32 papers that listed fi rst authors with institutional homes outside India, most of the authors were from North America (15 titles) or a European nation (13 titles). Other papers were from Iran, Thailand, and Australia [ Table 3 ]. In about one-third of the papers (37 titles), we found international collaboration as evidenced by the fact that the fi rst author was from a different nation from at least one other coauthor. Evidence of international collaboration was most likely with European or Canadian fi rst authors, with 9 of 10 papers in this group showing such evidence. This compares to 15 of 81 with Indian fi rst authors and 3 of 10 with fi rst authors from the United States of America (USA).
For those authors with an institution located within India, 30% were from either Tamil Nadu state or the National Capital Territory of Delhi. Overall, the majority of the papers (63 papers) had a fi rst author from an institution that focused on medicine or public health. The next largest group (31 papers) was from a university, but not from a medical sciences focus. Fourteen of the papers were from institutions focused on technology or engineering, and just fi ve titles were from fi rst authors in some other governmental agency. Papers of increasing complexity were published in more recent years as compared to in the past, thereby suggesting that use of GIS systems picked up off late [ Table 4 ]. Challenges and future options Some specifi c diffi culties in implementation of geospatial technologies were described in the reviewed papers. Many of these diffi culties are common to new applications of digital geographic methods regardless of the nation in question, but some may be of particular concern when data from India are required. A main issue is the limited availability of spatial data. Without high-quality spatial data at the temporal and spatial resolution needed, the software and hardware investments for GIS are useless. For Indian scientists who require high-quality spatial data, this is an especially great concern. Many of the empirical studies reviewed here, for example, required that road networks and hydrological features be scanned and georeferenced from paper topographic maps. Authors also noted the need to digitize basic ward, district, or other administrative boundaries prior to carrying out their analysis. In addition, the authors' institutions often lack a means to share the newly digitized data, as the majority of the examples in the published papers were not carried out in a setting that would provide operational support for maintaining and making such datasets available to others.
Admittedly, research goals for small study area studies may require the collection of original data regardless of the general availability of public data. Road networks, however, are particularly important, and not easily developed by individual research groups. Besides being a basic framework for a region, roads are critical measures of access, for example. 10 The dynamic nature of road features often renders information digitized from paper maps out of date. Paper maps are also limited due to restrictions linked to map scale. The lack of digital street fi les is thus a particularly important need shared by many groups, but not easily overcome by individual effort.
Access to geographical data has been restricted in India due to concerns about national security, despite a general right to information under the Constitution. 32 As many other nations move forward to provide more open access to geographical data, India may benefi t from legislative and policy models for data use developed in other places. When the health-related studies of an area necessitate creation of these base maps, this takes time away from and may even degrade the quality of analysis of the disease or condition of concern. The digitizing of basic data is a time-consuming effort, and we suggest that additional public funding of such efforts to benefit everybody can be critical in creating an openly available geospatial infrastructure.
The Survey of India (SOI), established in 1767, is a logical partner in making basic digital map layers available, but the SOI has only recently been "mandated to take a leadership role in liberalizing access of spatial data to user groups without jeopardizing national security" (SOI, 2013). The Indian National Atlas and Thematic Mapping Organisation is moving to create digital approaches to mapping, including health indicators, and this may help expand options for digital data. 33 The use of remotely sensed imagery for land cover and other mapping is a logical solution for creating digital maps, including land cover and land use; but again, this task may often be better done collectively. The Indian Remote Sensing satellites were used in several of the papers under review. 10, 34, 35 The creation of consistently coded land cover products at regular temporal increments would be another digital product that would be a benefi t to geospatial health applications. The encouragement of crowd-sourced or citizen science-volunteered geographic data may also help to alleviate some of the need for publicly available data. 36 The Open Street Map project has been increasingly active, for example, and has galvanized efforts to increase the geospatial infrastructure in areas where it is needed.
The status of academic geography in India might explain the slow adoption of spatial analysis for health and the need for national agencies to take a lead in making geographical data available for scientifi c use. The 78 university Geography departments in India produced 2399 doctoral-level graduates between 1857 and 2001, but many of those graduates became teachers without a strong research focus. 37 The SOI is a potential employer of geographers, but it has a preponderance of employees coming from military backgrounds, with surveyors being dominant and very few geographers on staff. A lack of professional geographers and planners who can contribute to promoting GIS in infl uential government and academic institutions, could be corrected by a stronger scientifi c geographic tradition. It is also noteworthy that the Indian Institutes of Technology have not generally included geography programs. 37 The type of combined expertise found in many Geography departments in Europe and the USA would include geographical in,formation science, spatial analysis and both social and physical sciences emphases. This type of intellectual environment is conducive to the development of both data and geographical applications and can be very important in helping other disciplines, such as the medical sciences, to adopt them in a more advanced manner. Such departments are not the norm in India. 37, 38 Several other issues were noted in the papers. The cost of software, hardware, and training remain impediments to progress, with a lack of communications options such as reliable Internet, making data sharing less effi cient. 28 39 The lack of good disease surveillance data makes geographic analysis for health diffi cult in general. 34 The relatively low number of papers by fi rst authors from Indian institutions in North India with its dense population and numerous health needs refl ects a divide in India of technologically adaptive and excluded regions, 40 but perhaps this difference may also be accounted for due to variability in academic culture. Any effort to increase capacity for geospatial technologies in health should take these various issues into account.
The cost of commercial software may be mitigated by the use of open source and free software, including, GeoDa, 41 SaTScan, 42 CrimeSat 43 Google Earth, 44 and QGIS 45 for mapping and spatial analysis. Programs for statistical analysis, including R and EpiInfo 7, 46 also include spatial mapping and analysis features.
Conclusions
In India, the adoption and use of digital spatial methods for health has lagged somewhat compared to technology and science opportunities in the society at large. The public health and medical community along with the universities and technology-oriented institutes have led the adoption of geospatial technologies and methods to address a broad range of health applications. This group, however, is not well positioned to provide open data access to key spatial features, such as roads, stream networks, and socioeconomic data, and may lack academic training that emphasizes spatial thinking. The provision of these data and a heightened awareness of spatial analysis tools will be especially valuable to resource-poor areas so that rational information and analysis can be more fully included in planning and response to India's health challenges.
